Genes that encode mRNAs for ubiquitin are activated by cells in metabolic distress. Cytosolic proteins that consequently become conjugated to ubiquitin are targeted for degradation. We hypothesized that ubiquitin mediates the endocrine demise of the corpus luteum induced by prostaglandin (PG) F+. Indeed, polyubiquitin gene expression increased abruptly (within 2 h) in luteal tissues of ewes treated with PGF,or -before the precipitous decline in glandular progesterone accumulation indicative of functional luteolysis. A corresponding elevation in ubiquitin immunostaining was localized to large (PG-sensitive) luteal cells. It is suggested that luteal progesterone biosynthesis is disrupted by ubiquitinationof steroidogenic regulatory proteins -perhaps those involved in the mechanics of mitochondrial delivery and side-chain cleavage of cholesterol.
An acute decrease in progesterone production by the corpus luteum invokes a sequence of hormonal events that dictate the onset of a new ovarian cycle. Prostaglandin (PG) F,cr is the endogenous luteolysin in several mammalian species. A plethora of studies performed during the last 25 years have addressed possible mechanisms of luteolytic action (see 1-3 for reviews); nevertheless, obligate cellular and molecular aspects remain to be defined.
Cells of virtually all organisms contain a highly conserved set of genes that are activated upon exposure to thermal and chemical stressors (4). We believe that luteal regression represents a physiological paradigm of incapacitative cellular stress-response. Ubiquitin has been enlisted as a critical component of the stress protein repertoire and is an early marker of a cell's commitment to die; it is a globular polypeptide (Mr 8500) that targets proteins for degradation (5-8). Three major transcripts (UbA, UbB, UbC) for ubiquitin have been described in mammals. UbA encodes monomeric ubiquitin fusion proteins. Polyubiquitin proteins that vary in number of tandem repeats are transcribed by UbB and UbC (9) . Ubiquitin mRNA expression and protein accumulation were assessed in luteal tissues of sheep treated with PGF,a.
Materials and Methods
Animal model and tissue collection. Mature western-range ewes were observed daily for estrous behavior in the presence of vasectomized rams. The first day of estrus was considered Day 0 of the estrous cycle. An ovary containing a corpus luteum was removed at euthanasia (i.v. Beuthanasia; Schering-Plough, Kenilworth, NJ) on Day 10 from (O-h) controls (n=4) and animals treated at 2 (n=3) or 16 (n=3) h previously with PGF,a (10 mg dinoprost tromethamine i.m.; Upjohn Co., Kalamazoo, MI). Corpora lutea were isolated by dissection and weighed. Segments of each corpus luteum were immediately frozen in liquid nitrogen (progesterone and ubiquitin mRNA analyses) or fixed in Histochoice (Amresco, Solon, OH; in situ ubiquitin immunostaining). Residual portions of nonluteal ovary also were frozen (ubiquitin mRNA). Received:
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Luteal progesterone. Tissues were extracted in methanol (1 mg/2.4 ml, 48 h, 4 C) and analyzed for progesterone by radioimmunoassay (10). All samples were run in triplicate in the same assay (coefficient of variation = 6%).
Northern analysis. RNA was extracted from 100 mg of homogenized tissues using Tri Reagent (Molecular Research Inc., Cincinnati, OH). Homogenates were incubated at 25 C for 5 min, mixed with 0.2 ml chloroform, and incubated for an additional 15 min. Cellular debris was removed by centrifugation (12,000 x g, 15 min, 4 C). RNA (aqueous phase) was precipitatedusing isopropanol (10 min, 25 C) and pelleted by centrifugation (12,000 x g, 12 min, 4 C). Pellets were washed with cold 75% ethanol, dried, and resuspended in sterile diethylpyrocarbonate-treated water. RNA was loaded (10 pgilane) onto 1.5 % agarose gels containing 8% formaldehyde, electrophoresed (0.2 M MOPS, 0.05 M sodium acetate, 0.01 M EDTA, pH 7.0), and transferred to 0.2 pm nylon membranes (ICN Biomedicals Inc., Costa Mesa, CA) by capillary method in 10X SSC (1.5 M sodium chloride, 0.15 M sodium citrate, 24 h, 25 C). Blots were baked for 2 h at 80 C.
A ubiquitin cDNA was isolated from a bovine endometrial library by immunoscreening.
Agarose gelpurified cDNA was labeled using 50 &i [a-'2P]dCTP (New England Nuclear, Boston, MA) and Klenow enzyme in random prime reactions (Life Technologies Inc., Grand Island, NJ). Radiolabeled cDNA was separated from unincorporated nucleotide triphosphates by size-exclusion chromatography (Sephadex G-50). Blots were prehybridized for 3 h (50% formamide, 5X SSC, 0.05 M sodium phosphate, 5X Denhardt's solution, 0.1% SDS, 0.1 mgiml salmon sperm DNA), hybridized for 18 h, washed (3X 15 min: 2X SSC/O.l% SDS, 1X in SSC/O.l%SDS, 0.1X SSC/O.l%SDS) (42 C), and placed on Kodak XAR film (24 h).
Immunojluorescence microscopy. Fixed luteal tissues were washed in two changes of PBS, dehydrated in a graded series of ethanol, cleared, and infiltrated with paraffin. Embedded specimens were sectioned at 5 pm thickness, transferred to subbed microscope slides, deparaffinized, and rehydrated to water. Immunoreactivity of tissue sections was enhanced by brief digestion with proteinase K (10 pg/ml PBS, 3 min; Sigma Chemical Co., St. Louis, MO). Slides were washed and nonspecific binding was blocked by incubation for 10 min in 10% nonimmune goat serum. Ubiquitin was localized by incubating sections for 60 min with rabbit polyclonal antiubiquitin serum (1:200 dilution SPA-200; StressGen, Victoria, BC, Canada) followed by a wash and secondary goatantirabbitimmunoglobulinG-fluoresceinisothiocyanate conjugate (1:20 dilution, 10 min; Sigma F-9887). The primary antibody reacts with free and conjugated forms of ubiquitin. Slides were washed in three changes of PBS, dehydrated, and coverslipped. Negative control reactions were carried out in the absence of primary antibody and with antibody preadsorbed with bovine erythrocyte ubiquitin (Sigma; U-6253). A minimum of six randomlyselected areas from different sections of each tissue specimen were photographed (Ektachrome 400 HC; 40 set exposure; X 1000) under an Olympus BH-2 microscope equipped with a reflected light fluorescence attachment. Ubiquitin immunostaining was most conspicuous among the large ( 2 25 pm) steroidogenic luteal cells; these cells were the focus of quantitative morphometry.
Large cells represented by each section were counted and categorized as intensely-immunostained or not; judgements were made independently by two investigators without knowledge of treatments. An average immunostain score (X of total cells) was calculated for each animal.
Statistics. Data were analyzed by one-way analysis of variance and a protected least significant difference test. Differences were considered significant at P<O.O5.
Results
There was an abrupt decrease in luteal tissue concentrations of progesterone between 2 and 16 h after administration of PGF,ol. Weights of corpora lutea (a salient index of state of structural regression) were not significantly altered due to time of tissue collection (Fig.  1) .
Two distinct mRNAs were evident on Northern blots of luteal tissue extracts. The bands corresponded in size to the polyubiquitin UbB (1.2 kb) and UbC (2.6 kb) transcripts described previously (9) . There was a marked linear increase in the dominant UbC band intensity after injection of PGF2~; level of expression of UbB also was elevated at 2 and 16 h, but to a lesser magnitude (Fig. 2) . UbB and UbC bands were detectable in interstitium of ovaries; however, there were no effects of treatment on level of transcript expression (Fig. 3) . A UbA-like band (0.65 kb) was not present on Northern blots of luteal (Fig.  2) or interstitial (not shown) tissues.
Large cells of control corpora lutea exhibited weak to moderate immunostaining patterns for ubiquitin (i.e., above background). The majority of large cells of ewes treated with PGF,ol stained intensely for ubiquitin (Fig. 4) . 
Discussion
Different size classes of mRNA that encode for ubiquitin exhibit a high degree of homology; however, there is considerable variation in the relative patterns of gene expression among species, tissues, and physiological state (6, 11). The UbA transcript, products of which have been associated with ribosomal biogenesis, was not observed in ovarian samples. An increase in polyubiquitin mRNAs, which are most readily expressed in tissues undergoing dynamic alterations, were evident in corpora lutea of prostaglandin-treated ewes. Although detectable, UbB/UbC did not exhibit concomitant temporal fluctuations in ovarian interstitium -indicating a tissue-specific effect of PGF,o.
Moreover, an increase in intensity of immunostaining for ubiquitin after PGF,cr injection was localized to large luteal cells, the primary target of prostaglandin action (12).
Ubiquitin exists in cells either free or covalently coupled to proteins. Ubiquitin-conjugating enzymes have a high affinity for abnormal and short-lived proteins. Ligation occurs between a lysine side-chain of substrate protein and the carboxy terminal glycine residue of activated ubiquitin. Lysine-48 of ubiquitin serves as an acceptor for additional ubiquitination (6). The major site of target protein degradation is the proteasome -a 26s cytosolic ubiquitin receptor/protease complex (13, 14) . Ubiquitin moieties of conjugates are cleaved from peptide fragments by isopeptidases and are thereby recycled (6, 15) .
Selective identities of native cellular substrates of the ubiquitin pathway remain largely conjectural. A candidate conjugation partner in lutein cells is the steroidogenic acute regulatory protein (StAR). This labile protein executes the rate-limiting step of pregnenolone formation -cholesterol transfer to the inner mitochondrial membrane side-chain cleavage system (16). Unpolymerized tubulin or the microtubular-stabilizingprotein tau are other possible conjugation targets (17). In fact, there was a decline in microtubular immunostaining in large cells of ovine corpora lutea exposed to a luteolytic dose of PGF,a; it was suggested that inhibition of cytoskeletal assemblydisassembly steady-state interfered with intracellular cholesterol transport (18). Because luteal transcripts encoding tubulin were not altered during PGF,ol-induced regression, the UbB/C response was not one of generalized transcriptional activation.
Ubiquitin is a mediator of the cellular response to stress (6). In cases of irrevocable damage, overexpression of polyubiquitin genes is apparently involved in the programmatic removal of dysfunctional cells. Hyperstimulation of the ubiquitin pathway and apoptosis occurs in several neural and muscular degenerative disorders (19). Apoptotic cell death is evident during structural regression of the corpus luteum -after progesterone withdrawal (20) .
Coexpression of heat shock protein (HSP)-70 and ubiquitin genes is typical in stressed cells (5). Classical HSPs act as molecular chaperones (4). Recent investigations have indicated a potential link between HSP-70 induction by PGF,a and luteolysis in sheep (20, 21) and rats (22, 23 ). An understanding of precisely how various stress proteins might interact in luteolysis will require further investigation.
To our knowledge this is the first report implicating ubiquitin in the process of luteal regression. That an increase in polyubiquitin gene expression and protein accumulation preceded the drop in luteal progesterone production may signify an initiating role. Our basic premise is that ubiquitination of steroidogenic regulatory proteins is a prelude to functional luteolysis, and that in excess, ubiquitinationmay elevate the rate of overall protein degradation that expedites cell death.
